The resonant transfer of energy from the inversion sublevels in NH3 to He atoms in triplet Rydberg states with principal quantum number n = 38 has been controlled using electric fields below 15 V/cm in intrabeam collisions at translational temperatures of ∼ 1 K. The experiments were performed in pulsed supersonic beams of NH3 seeded in He at a ratio of 1:19. The He atoms were prepared in the metastable 1s2s 3 S1 level in a pulsed electric discharge in the trailing part of the beams. The velocity slip between the heavy NH3 and the lighter metastable He was exploited to perform collision studies at center-of-mass collision speeds of ∼ 70 m/s. Resonant energy transfer in the atom-molecule collisions was identified by Rydberg-state-selective electric-field ionization. The experimental data have been compared to a theoretical model of the resonant dipole-dipole interactions between the collision partners based on the impact parameter method.
In the study of gas-phase chemical dynamics at low temperature, i.e., when T 1 K, long-range interparticle interactions, which may be exploited to regulate access to short-range reaction processes, are of particular interest. These interactions can be isotropic or anisotropic, and arise as a result of the static electric dipole polarizabilities or static electric dipole moments of the collision partners, or resonant dipole−dipole interactions between them. The large static electric dipole polarizabilities, static electric dipole moments, and electric dipole transition moments associated with high Rydberg states of atoms and molecules have made them ideally suited to the study of long-range interactions of these kinds in ultracold atomic gases. This has led to the synthesis of long-range diatomic molecules with equilibrium internuclear distances of ∼ 1 µm, known as Rydberg macrodimers, which are formed as a result of the interactions between pairs of Rydberg atoms [1] [2] [3] . In experiments performed at high atom number densities, ∼ 10 11 cm −3 , the properties of the Rydberg states that give rise to strong long-range interactions, i.e., the large spatial extent of the Rydberg electron wave functions and the high density of alternate parity states, have allowed the photoassociation of a class of ultralong-range Rydberg molecules in which an excited Rydberg atom is bound to a ground-state atom located within the Rydberg electron orbit [4, 5] .
The evolution of studies of long-range interactions of cold Rydberg atoms or molecules to include those with cold molecules in their electronic ground-states allows access to a distinct set of molecular interactions that occur on several different length scales. (i) At long range, where the spatial separation, R, between the centers of mass of the ground-state molecule and the atom or molecule in the Rydberg state is much larger than the spatial extent of the Rydberg electron wave function, i.e., R r , where r is the expectation value of the radial position operator acting on the Rydberg electron wave function, van r and the ground-state particle is located within the Rydberg electron charge distribution, the formation of ultralong-range Rydberg molecules and electron transfer between the collision partners can occur. (iii) At short range, where R r , the most significant interaction is that of the ground-state molecule with the ion core of the Rydberg atom or molecule.
Experimental studies at each of these length scales have been carried out. Resonant energy transfer in collisions between atoms in Rydberg states (Xe, Rb, and He) and polar ground-state molecules (NH 3 , HF, HCl, and CO) emanating from effusive sources operated at 300 K have been studied [6] [7] [8] [9] [10] [11] [12] . This work included, most recently, observations of electric-field-controlled energy transfer from the inversion sublevels in NH 3 to Rydberg states in He and Rb [13] [14] [15] . The formation of negative ions by electron transfer in collisions of atoms in Rydberg states with polar ground-state molecules, such as acetonitrile and cyclobutanone, at collision energies of ∼ 1 eV have also been investigated [16] . Short-range ion−molecule reactions, e.g., the H + 2 + H 2 → H + 3 + H reaction, have been studied at a translational temperature of ∼ 8 K in intrabeam experiments with supersonic molecular beams containing ground-state and Rydberg H 2 [17] . More recently, this reaction has been performed at collision energies as low as E coll /hc = 0.24 cm −1 (E coll /k B 300 mK) in experiments in which beams of Rydberg H 2 were merged with beams of ground-state H 2 using the methods of Rydberg-Stark deceleration [18] .
Here we report for the first time intrabeam collision studies [19, 20] that take place at translational temperatures of ∼ 1 K, involve Rydberg He atoms and groundstate NH 3 molecules, and in which fully Rydberg-state resolved resonant energy transfer has been observed. This energy transfer arises as a result of the resonant electric dipole-dipole interaction between the collision partners, where the dipole-dipole interaction energy may be ex- pressed as
with µ He and µ NH3 the electric dipole transition moments in He and NH 3 , respectively, µ = | µ|, and 0 the vacuum permittivity. The results reported here represent an important step toward studies in which the long-range electric dipole interactions that lead to resonant energy transfer are exploited to regulate access to the shorter range processes of electron transfer and ion-molecule reactions in this collision system. The observation of the transfer of energy from the internal degrees of freedom in NH 3 to the Rydberg atoms represents a dissipative process by which the internal degrees of freedom of the molecule may be considered to be cooled. It is therefore of relevance to the realization of schemes that have been proposed to use Rydberg atoms as a refrigerant to cool [21, 22] , and manipulate the internal degrees of freedom of polar ground-state molecules [23] . The results reported may also be interpreted as a method of nondestructive detection of the ground-state molecules [24] . The apparatus used here is similar to that described in Ref. [25] . The experiments were performed in pulsed supersonic beams of NH 3 seeded in He at a ratio of 1:19. To permit intrabeam collision studies involving the triplet Rydberg states in He, atoms in the metastable 1s2s 3 S 1 level were first generated in a pulsed electric discharge at the exit of a pulsed valve. This discharge was implemented by applying a pulsed potential of +220 V to a metal anode maintained at an offset potential of +150 V and located ∼ 1 mm from the valve exit. This was applied for 30 µs in the trailing part of the ∼ 200-µs-long gas pulse. The discharge was seeded with electrons generated continuously by a heated tungsten filament ∼ 2.5 cm downstream from the valve. After passing through a 2mm-diameter skimmer and an electrostatic charged particle filter, the molecular beam entered between two parallel copper electrodes. In the region between these electrodes the metastable He atoms were excited to the 1s38s 3 S 1 level (denoted 38s 0 in the following, where the subscript indicates the value of m ) through the 1s3p 3 P 2 intermediate level using a resonance-enhanced two-color two-photon excitation scheme in zero electric field. This scheme was implemented by stabilizing a CW laser to the wavenumber of the 1s2s 3 S 1 → 1s3p 3 P 2 transition at 25 708.587 6 cm −1 , while a second CW laser subsequently drove the 1s3p 3 P 2 → 1s38s 3 S 1 transition at 12668.919 cm −1 . The 38s 0 state (quantum defect δ 38s = 0.296 683 [26] ) was chosen for these experiments because transitions from it to the 38p 0,±1 state (δ 38p = 0.068 347 [26] ) (the prime indicates the -mixed character attained in the presence of an electric field) can be readily tuned into resonance with the ground-state inversion transitions in NH 3 using weak electric fields as shown in Figure 1 . In this particular case the resonance condition is achieved in a field of 5.41 V/cm. After laser photoexcitation, pulsed electric fields of between 0.5 and 14 V/cm were applied to control and study the resonant transfer of energy in collisions between the Rydberg He and the ground-state NH 3 in the beam. Following an interaction time of 12 µs, the Rydberg atoms were ionized upon the application of a slowly rising pulsed negative potential to one of the parallel electrodes in the interaction region. The ionized electrons were then accelerated through an aperture in the opposite electrode to a microchannel plate (MCP) detector. This Rydberg-stateselective detection scheme was operated in such a way that individual low-|m | Rydberg states could be identified from their distinct ionization electric fields [13] .
In zero electric field the electric dipole transition moments associated with the |38s 0 → |38p 1 transition in He and the inversion transitions in NH 3 are µ 38s0−38p1 = 2976 D and µ NH3 = 1.4 D, respectively. These transitions are not resonant in zero field as can be seen in Figure 1 . The integrated |38p 1 electron signal recorded in the experiments following collisions in electric fields between 3 and 9 V/cm is shown as the points in Figure 2 . The increase in the population of the 38p 1 state in fields between 4 and 7 V/cm, with a maximum at 5.39 V/cm, results from the resonant transfer of energy from the inversion sublevels in NH 3 to the He atoms. From the Stark map in Figure 1 , it can be seen that the 38s 0 → 38p 1 transition is resonant with the inversion transitions in a field of 5.41 V/cm. This lies within 0.02 V/cm of the observed resonance in Figure 2 . In this field µ 38s 0 −38p 1 1370 D and µ NH3 is unchanged from its zero-field value. The measured electric-field depen-dence of the energy transfer process has been compared to the results of calculations based on the interaction of two electric dipoles corresponding to the He and NH 3 transition dipole moments. These calculations were performed, as described in detail in Refs. [14, 27] , using the impact parameter method [28] . The experimental data are in good agreement with the results of these calculations (dashed curve in Figure 2 ). The broadening of the resonance on the high field side in the calculated curve is a consequence of the rotational state dependence of the inversion intervals. The broadening observed in the experimental data arises from a combination of this, the limited Rydberg-Stark-state resolution in the detection of the 38p 1 atoms, and contributions from energy-level shifts arising from the dipole-dipole interactions between the atoms and molecules that are not accounted for in the calculations.
The resonant increase in the 38p 1 electron signal seen in Figure 2 corresponds to a decrease in the electron signal from the 38s 0 state over the same range of electric fields. This can be seen in the data presented in Figure 3(b) . It is evident from these data that the transition to the 38p 1 state does not represent the only resonance that occurs in the experiments. Five additional resonances, in fields between 5 and 11.5 V/cm, are seen. These correspond to transitions from the 38s 0 state to consecutive -mixed Rydberg-Stark states that lie above the 38p 1 state in energy. The spectral overlap of these transitions with the NH 3 inversion transitions can be seen by following the thick dashed curves in Figure 1 and Figure 3(a) . The fields in which the transitions to the 38p 1 state, and the five adjacent Rydberg-Stark states, coincide with the inversion transition wavenumber are indicated in Figure 3 (a) by the vertical lines. It can be seen from the positions of these lines in Figure 3 (b)which is presented with the same horizontal scale -that these crossing points correspond exactly to electric fields at which the resonances are observed in the experimental data. As the electric field is increased the observed resonances broaden because the induced electric dipole moment associated with the Stark shift of the 38s 0 state tends toward those of the Stark states to which resonant energy transfer occurs. Consequently, the wavenumber interval between the 38s 0 state and these Stark states changes more slowly with field strength.
Calculated spectra for ∆m = 0 (∆m = ±1) transitions between the Rydberg states are shown as the continuous (dashed) curves in Figure 3(b) . In the calculations, the features observed at low electric field strengths, i.e., in fields between 5 and 7 V/cm, are most sensitive to the center-of-mass collision speed. Best agreement between the experimental and calculated data was found for collision speeds of ∼ 70 m/s, which corresponds to a typical center-of-mass collision energy E coll /k B 1 K. The widths of the resonances in the data in Figure 3 between fields of 11 and 14 V/cm especially so. It was found that best agreement between the experimental and calculated data, particularly in this higher electric field region, occurred for a rotational temperature of ∼ 50 K. In seeded supersonic molecular beams of the kind used in these experiments, rotational temperatures of ∼ 1 K are typical. The NH 3 rotational temperature of 50 K, inferred by comparing the experimental data with the results of calculations, is attributed to collision-induced heating in the region close to the valve. This arises from a combination of collisions involving the NH 3 molecules and the electrons generated to seed the discharge, which were continually accelerated through this region by the +150 V offset potential applied to the anode, and turbulence caused by the presence of the mechanical components required for the operation of the discharge. It is expected that future refinements to the operation of the discharge source will allow lower rotational temperatures to be achieved. In Figure 3(b) , the results of the calculations performed for ∆m = ±1 transitions between the Rydberg states is in slightly better agreement with the experimental data than those for the ∆m = 0 transitions. This is most notable in electric fields above 8 V/cm, and may be indicative of a preferred orientation of the NH 3 dipole moments in the interaction region in the experiments.
In general, the widths and intensities of the measured and calculated resonances in Figure 3 (b) are in good quantitative agreement with the exception of the intensities of the first two features at 5.4 and 5.8 V/cm. These are weaker in the experiments than in the calculations. We attribute this discrepancy to a non-thermal NH 3 rotational state population. The calculated curves in Figure 3 (b) do not account for the notable decrease in the 38s 0 electron signal seen in fields between 0.5 and 5 V/cm. This suggests that additional transitions, other than those associated with NH 3 inversion, also transfer population out of the 38s 0 state in the experiments. This is supported by the presence of additional features in the electric field ionization profiles of the Rydberg states (not shown) that correspond to the ionization of atoms in higher n states (e.g., n = 46 − 51). Transitions between excited rotational states in NH 3 which are resonant with n-changing transitions in He can also give rise to energy transfer [6] and appear to be responsible for this overall decrease in the 38s 0 electron signal observed in low fields.
The spectral widths of the sharp resonances in Figure 3 (b) can be determined from the calculated Stark shifts of each transition. The full-width-at-half-maximum of these range from 0.015 cm −1 (≡ 460 MHz), for the resonance associated with the transition to the 38p 1 state at 5.39 V/cm, to 0.021 cm −1 (≡ 640 MHz) for the transition observed in the highest field. The impact parameter method used in the calculations in Figure 3(b) is based on the assumption that energy-level shifts arising from the resonant dipole-dipole interactions between the atoms and the molecules can be neglected. This is a valid assumption at high center-ofmass collision speeds, but less so at low speed where these energy-level shifts are on the same scale as the collision energy. To estimate the significance of these effects in the present experiments, the observed resonance widths may be compared to the typical resonant dipole−dipole interaction energy for an NH 3 molecule located at the edge of the Rydberg electron charge distribution, i.e., at r . This is approximately the closest point of approach between the collision partners after which the NH 3 molecule enters the Rydberg electron charge distribution and the form of the interaction potential changes. Because r 38s 110 nm, and µ 38s 0 −38p 1 (F = 5.39 V/cm) 1370 D, the corresponding dipole−dipole energy shift is ∆E dd /hc 0.007 cm −1 (≡ 220 MHz). This energy shift is on the same order of magnitude as the widths of the resonances in the experiments. Therefore, the conditions under which the experiments were performed must represent the limit of the range of validity of the impact parameter method used in the analysis of the data which does not account for effects of these types of energy-level shifts. This obser-vation provides a strong motivation for a more complete theoretical treatment of the dipole−dipole interactions in this collision system. Such work will be essential for the accurate interpretation of future experiments at lower collision energies.
In conclusion, we have observed Rydberg-stateresolved and electric-field-controlled resonant energy transfer in collisions of ground-state NH 3 molecules with Rydberg He atoms at translational temperatures of ∼ 1 K. The experiments were performed in a single pulsed supersonic beam of NH 3 seeded in He. The measured data exhibit resonance widths of ∼ 0.017 cm −1 (≡ 500 MHz). This work paves the way for experiments at lower collision energies in which the resonant dipole−dipole interactions between the atoms and the molecules are more strongly affected by the energy-level shifts of the collision partners and may be exploited to regulate access to short-range chemical dynamics. It is foreseen that in future experiments the center-of-mass collision energies in these experiments may be manipulated using the methods of Rydberg-Stark deceleration [29] .
